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Introduction {#imm13149-sec-0001}
============

How do we cope with the massive encounter of microbial constituents and viable microorganisms immediately after birth? How do we ensure mucosal homeostasis during the postnatal emergence of a dense and diversifying microbiota but still maintain immune responsiveness to infectious pathogens? How do we mount regulatory responses after birth to the large spectrum of antigens from diet and beneficial commensal bacteria to provide protection from inappropriate immune stimulation? How do we generate a mature mucosal adaptive immune system during early life reactive against the appropriate microorganisms?

These questions are difficult to answer with our current knowledge on the adult innate and adaptive immune system. However, we are able to obtain testable hypotheses when we accept two assumptions. First, the neonatal immune system is unique and differs in many aspects from the immune system in the adult host. And second, the transition from the immediate postnatal period to the mature adult immune system represents a process of consecutive phases that are non‐redundant and follow a particular order of events. These two assumptions are not new and have led to the concept of 'the neonatal window of opportunity' and to the idea of a 'layered immunity'. The concept of the 'neonatal window of opportunity' postulates a non‐redundant priming period of the innate and adaptive immune system after birth that sets the stage for immune homeostasis and subsequent host--microbial interaction.[1](#imm13149-bib-0001){ref-type="ref"} It has recently attracted much attention because functional studies in animal models indicate that it may provide an explanation for the 'hygiene hypothesis', an epidemiological association between the western lifestyle with enhanced hygiene standards and the increase in atopic and autoimmune diseases.[2](#imm13149-bib-0002){ref-type="ref"}, [3](#imm13149-bib-0003){ref-type="ref"}, [4](#imm13149-bib-0004){ref-type="ref"} 'Layered immunity' suggests that the maturation of the innate and adaptive immune system occurs in subsequent phases that (might) depend on each other to facilitate the establishment of a mature, homeostatic, but vigilant immune system. It has originally been developed to explain immune cell ontogeny but may be able to provide a broader framework to understand the maturation of the innate and adaptive immune system as a whole.[5](#imm13149-bib-0005){ref-type="ref"}

Notably, the concept of a timed succession of non‐redundant phases during postnatal immune maturation can also include external factors and conditions. For example, the reduced exposure to pathogenic microorganisms during the immediate postnatal period that results from breast milk as a safe nutrient source, and the reduced social interaction, which both minimize transmission of pathogens. Also, the fact that breast milk as sole dietary substrate of the neonate host represents immunological self‐antigen and therefore does not require tolerance induction. Finally, the finding that the compositions of the pre‐ and post‐weaning enteric microbiota differ significantly. The initiation of immune tolerance to commensal bacteria may therefore be more efficient after weaning. The integration of external circumstances may further allow adaptation of the evolution‐shaped immune system to various geographical locations associated with the different availability of food sources and exposure to microorganisms. The non‐redundant nature of immune maturation might then provide an explanation for the long‐known fact that early environmental influences can have lasting consequences.[6](#imm13149-bib-0006){ref-type="ref"} It is also consistent with the observation that the effect of immunotoxicants, i.e. chemical agents such as halogenated aromatic hydrocarbons, polycyclic aromatic hydrocarbons, hormonal substances, therapeutic agents or heavy metals that exhibit developmental toxicity, is particularly pronounced during fetal and early postnatal development.[7](#imm13149-bib-0007){ref-type="ref"}

In the following paragraphs, we will first summarize what is known about the development of the microbiota and the innate and adaptive immune system with particular focus on the intestinal mucosa after birth. We will then try to assemble those findings into a model of a timed succession of non‐redundant phases to generate a model that explains how host--microbial homeostasis and a mature immune system are established after birth.

Development of the neonatal microbiota {#imm13149-sec-0002}
======================================

The healthy neonate is born sterile. Recent reports suggesting the presence of a microbiota in healthy placental and fetal tissue before birth have been challenged and most probably reflect the detection of free bacterial nucleic acid molecules derived from environmental sources.[8](#imm13149-bib-0008){ref-type="ref"}, [9](#imm13149-bib-0009){ref-type="ref"} Nevertheless, the fetal tissue is of course not completely shielded from microbial constituents and innate immune signals. A recent study in mice reported on the priming effect of aryl hydrocarbon receptor ligands of the maternal microbiota on the offspring\'s immune system with elevated numbers of type 3 innate lymphoid and myeloid cells known to participate in the antibacterial host response.[10](#imm13149-bib-0010){ref-type="ref"} Similarly, the allergy‐protective effect of farm exposure with accelerated T helper type 17 immune maturation in the human offspring was also observed upon prenatal maternal farm exposure.[11](#imm13149-bib-0011){ref-type="ref"} This idea is consistent with reports that suggest that microbiota‐derived microbial stimuli such as peptidoglycan and flagellin reach distant body sites,[12](#imm13149-bib-0012){ref-type="ref"}, [13](#imm13149-bib-0013){ref-type="ref"} and provides a possible explanation for the effect of microbial stimuli on the fetal tissue in the absence of prenatal colonization.

With rupture of the amniotic membranes and during the following transit through the birth canal, the newborn becomes exposed to bacteria colonizing the maternal reproductive tract. This process may be quite efficient given the narrowness of the birth canal and the prolonged time required to allow passage of the infant\'s head. In contrast, cesarean section circumvents contact with maternal mucosal surfaces and initially exposes the neonate to the (maternal) skin microbiota.[14](#imm13149-bib-0014){ref-type="ref"}, [15](#imm13149-bib-0015){ref-type="ref"} This scenario is consistent with studies of the early neonatal microbiome that describe a relatively homogeneous microbiota across different body sites early after birth and illustrate differences between the enteric microbiome of babies born by vaginal delivery or by elective cesarean section during the first weeks after birth.[16](#imm13149-bib-0016){ref-type="ref"}, [17](#imm13149-bib-0017){ref-type="ref"} Notably, this difference appears to be temporary. Also, the fact that some studies failed to observe a major effect of the mode of delivery suggests that its influence may depend on the absence of a compensatory mechanism of bacterial exposure. Nevertheless, as we will discuss later, it may still be functionally relevant, and, accordingly, attempts are being made to compensate for the lack of early exposure to maternal urogenital bacteria.[18](#imm13149-bib-0018){ref-type="ref"}

The initial lack of bacteria competing for space and nutrients and the lactose‐rich milk diet support the rapid rise in bacterial numbers in the intestine during the early phase of colonization.[19](#imm13149-bib-0019){ref-type="ref"}, [20](#imm13149-bib-0020){ref-type="ref"} Three major categories of factors were identified to influence the infant microbiota composition.[21](#imm13149-bib-0021){ref-type="ref"}, [22](#imm13149-bib-0022){ref-type="ref"} First, factors that presumably provide additional bacterial exposure, such as geographical factors (that may in fact reflect cultural and habitual differences in the management of newborns) as well as the presence of siblings and household pets. Notably, the number of siblings was identified as a key factor in the first report on the influence of early‐life factors on allergy etiology.[2](#imm13149-bib-0002){ref-type="ref"} Second, mechanisms that promote or suppress the growth of specific bacteria and here particularly dietary factors such as breast‐milk constituents and antibiotics. Antibiotics may be given perinatally to the mother, for example, to prevent transmission of group B streptococci, the most frequent cause of neonatal sepsis. Antibiotics kill bacteria in a logarithmic fashion, so it is conceivable that they exert a particularly potent effect on the early, low‐density microbiota. Third, host factors such as gestational age and genetic factors can directly or indirectly influence the microbiota development.

A particularly interesting role may be attributed to genetic factors because their identification and characterization could help to understand the evolutionary benefit of a certain microbiota composition and to explain the adverse effects of an altered microbiota because of altered habits or medical interventions. The analysis of mouse intercross lines and human twin cohorts revealed that the host\'s genes shape approximately 9% of the enteric microbiota as a polygenic trait.[23](#imm13149-bib-0023){ref-type="ref"}, [24](#imm13149-bib-0024){ref-type="ref"} However, individual genes and regulatory circuits are only beginning to be identified. Benson et al., identified 18 quantitative trait loci in mice with significant linkage with the relative abundances of specific microbial taxa.[23](#imm13149-bib-0023){ref-type="ref"} The identified clusters are related to diet, metabolism, olfaction, barrier defense and self/non‐self recognition.[23](#imm13149-bib-0023){ref-type="ref"}, [24](#imm13149-bib-0024){ref-type="ref"} We have recently characterized an epithelial Toll‐like receptor 5 (TLR5) ‐mediated regulatory mechanism to favor early colonization by non‐flagellated bacteria in the mouse model.[25](#imm13149-bib-0025){ref-type="ref"}

Whereas the adult‐like bacterial density (i.e. the number of bacterial microorganisms per gram of tissue) in the human intestinal tract is reached after birth within days,[19](#imm13149-bib-0019){ref-type="ref"} it takes 2--3 years in humans and 3--4 weeks in mice until an adult‐like richness (i.e. the number of bacterial species) and bacterial composition is established.[26](#imm13149-bib-0026){ref-type="ref"}, [27](#imm13149-bib-0027){ref-type="ref"} Major changes of the microbiota composition are observed during weaning, i.e. during the transition from breast milk or formula feeding to solid food, taking place in humans from 6 months after birth and in mice at 2--3 weeks after birth. Cessation of breastfeeding was identified as a major driving factor highlighting the critical influence of breast‐milk constituents on early host--microbial homeostasis.[20](#imm13149-bib-0020){ref-type="ref"} Beside lactose, human milk oligosaccharides, lactoferrin and secretory IgA may exert direct antibacterial effects whereas epidermal growth factor has a major influence on intestinal epithelial gene expression and immune development.[28](#imm13149-bib-0028){ref-type="ref"}, [29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"} Notably, major differences are found between breastfed and formula‐fed babies.[20](#imm13149-bib-0020){ref-type="ref"} The temporal changes of the bacterial composition are accompanied by non‐random transitions with different bacterial phyla dominating the enteric microbiota.[20](#imm13149-bib-0020){ref-type="ref"}, [31](#imm13149-bib-0031){ref-type="ref"} Although the precise underlying mechanisms are not clear, a microbiota development built upon a succession of dominating bacterial species might be particularly susceptible to transient insults. In other words, a temporary disturbance during childhood might induce a lasting influence on the adult microbiota with potential changes in the susceptibility to diseases later in life.

Postnatal maturation of the neonatal innate immune system {#imm13149-sec-0003}
=========================================================

Although the neonatal organism is frequently referred to as immature and less prone to react to (innate) immune stimulation, neonatal sepsis, a highly prevalent and life‐threatening condition particularly in prematurely born babies, is associated with overwhelming inflammation. Similarly, necrotizing enterocolitis (NEC), a life‐threatening transmural intestinal disease in premature neonates is characterized by a strong inflammatory reaction. Hence, although significant differences in innate immune recognition may exist between the neonatal and adult hosts, the neonatal innate immune system is clearly able to recognize microbial exposure and to respond with the secretion of pro‐inflammatory cytokines. We should therefore refer to the neonatal innate immune system as 'differentially adapted' rather than 'immature' or 'less developed'. However, the precise differences and their biological reasons are ill‐understood.

The epithelium lines the mucosal surface and separates the densely colonized gut lumen from the underlying tissue. To investigate the establishment of mucosal host--microbial homeostasis during the early postnatal period and the pathogenesis of NEC, the ability of the intestinal epithelium to recognize microbial stimuli has been studied in much detail. Intestinal epithelial cells express innate immune receptor molecules of the toll‐like receptor, Rig I‐like receptor, nucleotide‐binding oligomerization domain (NOD) ‐like receptor and inflammasome families.[32](#imm13149-bib-0032){ref-type="ref"}, [33](#imm13149-bib-0033){ref-type="ref"}, [34](#imm13149-bib-0034){ref-type="ref"} Consistent with these results, epithelial innate immune stimulation was shown to reinforce the epithelial barrier and contribute to host--microbial homeostasis.[35](#imm13149-bib-0035){ref-type="ref"}, [36](#imm13149-bib-0036){ref-type="ref"}, [37](#imm13149-bib-0037){ref-type="ref"} TLR5 expression in absorptive enterocytes is restricted to the pre‐weaning period.[25](#imm13149-bib-0025){ref-type="ref"}, [32](#imm13149-bib-0032){ref-type="ref"} Neonatal epithelial TLR5 exerts a significant influence on the composition of the neonatal microbiota.[25](#imm13149-bib-0025){ref-type="ref"} The altered microbiota in TLR5‐deficient mice persists throughout adulthood and confers enhanced susceptibility to a metabolic phenotype with obesity.[38](#imm13149-bib-0038){ref-type="ref"}

Also, the peptidoglycan sensor NOD2 was shown to contribute to the resilience of the neonatal enteric microbiota with long‐term consequences. Whereas the influence of NOD2 on the adult microbiota composition has remained controversial, a recent study demonstrated a prolonged alteration of the microbiota in NOD2‐deficient mice after administration of ampicillin, an antibiotic frequently used in newborn humans.[39](#imm13149-bib-0039){ref-type="ref"} Interestingly, this prolonged alteration of the microbiota composition in NOD2‐deficient animals was linked to an enhanced susceptibility to colitis in adulthood. Of note, loss‐of‐function mutations in the NOD2 locus represent one of the most important genetic risk factors for inflammatory bowel disease.

Inappropriate immune stimulation, however, may be harmful, particularly in the neonate. Some years ago, the Hackam group described a decrease of the intestinal epithelial TLR4 expression before birth paralleled by enhanced TLR9 expression.[40](#imm13149-bib-0040){ref-type="ref"} As TLR9 has been suggested to play an immune regulatory role, this may dampen the overall susceptibility to immune stimulation in the term neonate.[41](#imm13149-bib-0041){ref-type="ref"} Similarly, TLR3 expression was shown to be low in the neonatal intestinal epithelium and was up‐regulated only in adult mice.[42](#imm13149-bib-0042){ref-type="ref"} Intestinal epithelial TLR5 expression could be beneficial in the neonate host as discussed above but the subsequent down‐regulation in absorptive enterocytes might help to prevent inappropriate stimulation in the adult host. Consistently, a loss‐of‐function polymorphism in TLR5 has been shown to protect whereas a gain‐of‐function was associated with an increased risk of inflammatory bowel disease in humans.[43](#imm13149-bib-0043){ref-type="ref"}, [44](#imm13149-bib-0044){ref-type="ref"} Additionally, soluble factors in breast milk such as epidermal growth factor, the local cytokine milieu and regulatory molecules such as A20 may help to avoid inappropriate innate immune stimulation during the immediate postnatal period.[28](#imm13149-bib-0028){ref-type="ref"}, [45](#imm13149-bib-0045){ref-type="ref"}, [46](#imm13149-bib-0046){ref-type="ref"}

In addition to developmental factors, the innate immune system actively adapts to the situation after birth. This was first described for the intestinal epithelium, which upon first postnatal microbial exposure undergoes a transient TLR4‐mediated innate immune stimulation followed by a state of immune tolerance.[47](#imm13149-bib-0047){ref-type="ref"}, [48](#imm13149-bib-0048){ref-type="ref"} Notably, signs of postnatal innate immune stimulation have also been observed in humans.[49](#imm13149-bib-0049){ref-type="ref"}, [50](#imm13149-bib-0050){ref-type="ref"} Postnatal acquisition of transient innate immune unresponsiveness has also been described in cord‐blood‐derived leukocytes. Human neonatal immune cells express innate immune receptors and respond to microbial exposure, albeit in a different manner compared with adult cells.[51](#imm13149-bib-0051){ref-type="ref"} In contrast to the murine gut epithelium, postnatal reprogramming of human monocytes was mediated by high perinatal serum concentrations of the endogenous TLR4 ligand S100A8/9 (calprotectin).[52](#imm13149-bib-0052){ref-type="ref"} The S100A8/9 effect was also observed in cord blood macrophages mediated through inhibition of the mechanistic target of rapamycin pathway and associated with reduced glycolysis.[53](#imm13149-bib-0053){ref-type="ref"} Consistently, dynamic transcriptomic and metabolic changes have been described in human peripheral blood cells during the first week after birth. In both murine enterocytes and blood monocytes, innate immune tolerance was associated with cellular reprogramming and expression of an alternative set of genes.[48](#imm13149-bib-0048){ref-type="ref"}, [52](#imm13149-bib-0052){ref-type="ref"} It might, therefore, not only serve to reduce the susceptibility to inflammation but simultaneously to foster the establishment of a stable host--microbial interaction.

Also, the overall anatomical organization of the epithelium and the spectrum and localization of effector molecules of the innate immune system display striking age‐dependent differences.[54](#imm13149-bib-0054){ref-type="ref"} They are more pronounced in mice, because of their shorter gestational age (and hence lower tissue maturation at birth). In adult mice, small intestinal crypts provide a safe niche for the epithelial stem cells and the rapidly proliferating transit amplifying cells. Newly generated epithelial cells leave the crypts and migrate along the crypt--villus axis to be continuously exfoliated at the villus tip. Strikingly, this continuous epithelial turnover does not exist in neonates. Here, epithelial proliferation is relatively low and no directed cell migration and continuous exfoliation are observed. In addition, the expression of antimicrobial peptides in the adult small intestine is restricted to crypt‐based Paneth cells. The regulation occurs almost entirely at the post‐transcriptional level, i.e. by enzymatic processing and secretion.[35](#imm13149-bib-0035){ref-type="ref"} In contrast, the neonatal epithelium is largely devoid of mature Paneth cells and expresses the cathelicidin CRAMP.[55](#imm13149-bib-0055){ref-type="ref"} Also, the production of mucins strongly increases with age and so the mucus layer as an additional protective shield only establishes at weaning.[56](#imm13149-bib-0056){ref-type="ref"}, [57](#imm13149-bib-0057){ref-type="ref"} Overall, this suggests that a more intense interaction between the microbiota and the host\'s epithelium occurs in the neonatal host. In contrast, the adult tissue is characterized by a protected stem cell niche, an antimicrobial peptide‐enriched mucus layer, and rapid epithelial cell turnover to separate the two compartments.[58](#imm13149-bib-0058){ref-type="ref"}

The maturation of the adaptive mucosal immune system {#imm13149-sec-0004}
====================================================

The adaptive immune system in adult sterile tissues is confined to secondary lymphoid organs and circulation, whereas the picture is markedly different at mucosal sites. Here, a vast number of antigen‐experienced T cells and plasma cells are found at steady‐state with the intestinal tract as a primary example, where more immune cells are found than in the rest of the organism taken together. Hence, the immunological state of the adult intestine was often referred to as 'physiological inflammation' -- highlighting the presence of activated lymphocytes under homeostatic conditions.[59](#imm13149-bib-0059){ref-type="ref"} Further, it is assumed that the presence of activated lymphocytes reflects a steady cross‐talk of the adaptive immune system with the rich repertoire of luminal antigen derived from microbiota, diet and environment.

But how is this state of 'physiological inflammation' of the adult mucosa reached? Whereas microbial antigens become available shortly after birth, they greatly expand in diversity around weaning. At this time‐point, dietary antigens are added when the infant begins to ingest solid food. In mice, this transition starts at the end of the second week of life and is completed 3 weeks after the infants are separated from the dam (i.e. at approximately 6 weeks of age). B and T cells start to exit primary lymphoid tissues in great numbers around birth and quickly home to secondary lymphoid tissues, including the draining lymph nodes of the mucosa and gut‐associated lymphoid tissue anlagen.[60](#imm13149-bib-0060){ref-type="ref"}, [61](#imm13149-bib-0061){ref-type="ref"} However, activated lymphocytes and production of secretory immunoglobulins (IgA and IgG) by the young host are not detected until after weaning and adult levels of adaptive cellularity and IgA repertoire are not reached until adulthood.[42](#imm13149-bib-0042){ref-type="ref"}, [62](#imm13149-bib-0062){ref-type="ref"}, [63](#imm13149-bib-0063){ref-type="ref"}

At mucosal surfaces, the establishment of tolerance to microbiota‐, diet‐ and environment‐derived antigens is characterized by an expansion of regulatory T (Treg) cells.[29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"}, [60](#imm13149-bib-0060){ref-type="ref"}, [64](#imm13149-bib-0064){ref-type="ref"}, [65](#imm13149-bib-0065){ref-type="ref"}, [66](#imm13149-bib-0066){ref-type="ref"} Interestingly, the expansion of Treg cells in skin and lung (week 2 and 3, respectively) induced by exposure to commensal bacteria precedes that in the gut (week 4).[29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"}, [66](#imm13149-bib-0066){ref-type="ref"} Also, the origin of the mucosal Treg cells is different between the three locations -- the early Treg cell wave detected in the hair follicles of the skin is recruited in a CCR6‐dependent manner from the thymus. Lung Treg cells that mediate tolerance do not express the transcription factor Helios and are presumably induced in the periphery.[64](#imm13149-bib-0064){ref-type="ref"}, [65](#imm13149-bib-0065){ref-type="ref"} Whereas the neonatal host harbors thymus‐derived Treg cells in the secondary lymphoid tissues of the intestine, microbiota‐dependent peripherally generated Treg cells that express the transcription factor retinoic acid receptor‐related orphan receptor *γ*t[67](#imm13149-bib-0067){ref-type="ref"}, [68](#imm13149-bib-0068){ref-type="ref"} only expand in the 4th week of life.[30](#imm13149-bib-0030){ref-type="ref"}, [60](#imm13149-bib-0060){ref-type="ref"}, [67](#imm13149-bib-0067){ref-type="ref"}

In the colon, this process of tolerance induction might be initiated by a transient increase of antigen transport through goblet‐cell‐associated passages (GAPs) between days 10 and 20 after birth induced by decreasing epidermal growth factor ligands.[30](#imm13149-bib-0030){ref-type="ref"} This early antigen exposure of CD103^+^ lamina propria dendritic cells under homeostatic conditions can lead to activation of T cells and promotes the development of a tolerogenic response characterized by the induction of peripheral Treg cells during the 3rd week of life directed against microbial antigens. In the small intestine, follicular T helper cells are induced and aid the production of polyreactive immunoglobulin A. IgA is secreted to the intestinal lumen and coats microorganisms, promoting a tolerogenic immune response.[62](#imm13149-bib-0062){ref-type="ref"}, [69](#imm13149-bib-0069){ref-type="ref"} This microbial stimulation may also cause the reported transient interleukin‐22‐ (IL‐22) and IL‐23‐induced signal transducer and activator of transcription 3 phosphorylation in innate lymphoid type 3 cells and epithelial cells.[70](#imm13149-bib-0070){ref-type="ref"} Notably, the time‐point of the intestinal tolerization process and Treg cell generation is critical and delayed exposure to microbiota has far reaching consequences for health and disease in later life with increased susceptibility to immune‐mediated diseases such as inflammatory bowel disease, cancer, and allergic sensitization.[29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"}

Other studies have highlighted the critical importance of microbial exposure during the early neonatal period for immune homeostasis. A diverse enteric microbiota early after birth is required to suppress IgE levels and prevent an exaggerated anaphylactic response.[71](#imm13149-bib-0071){ref-type="ref"} Similarly, microbial exposure during this time window reduces the number of invariant natural killer T cells in lung and colon tissue and protects from mucosal inflammation and allergic responses.[72](#imm13149-bib-0072){ref-type="ref"} Finally, antibiotic treatment of neonatal mice enhances the susceptibility towards food allergen sensitization and experimental psoriasis.[73](#imm13149-bib-0073){ref-type="ref"}, [74](#imm13149-bib-0074){ref-type="ref"} Also in humans, exposure to microbial constituents protects children from asthma development and specific bacterial species have been identified and shown to protect from food allergy.[75](#imm13149-bib-0075){ref-type="ref"}, [76](#imm13149-bib-0076){ref-type="ref"} Conversely, early‐life antibiotic treatment alters the metabolome through alteration of the microbiota and increases the risk of obesity and allergies.[77](#imm13149-bib-0077){ref-type="ref"}, [78](#imm13149-bib-0078){ref-type="ref"} Importantly, the underlying molecular mechanism of the protective effect of the microbiota is incompletely understood. The delivery of microbial constituents derived from a particular group of bacteria for tolerance induction, the supply with metabolic immunomodulators and/or the immunostimulatory capacity of microbial constituents may critically contribute.[79](#imm13149-bib-0079){ref-type="ref"}, [80](#imm13149-bib-0080){ref-type="ref"}, [81](#imm13149-bib-0081){ref-type="ref"}, [82](#imm13149-bib-0082){ref-type="ref"}

On the other hand, premature activation of the adaptive immune system in the intestine can also lead to enhanced disease susceptibility. It can be induced by removing maternal immunoglobulin from breast milk or enforcing a premature transport of antigen to lamina propria dendritic cells via GAPs.[29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"}, [60](#imm13149-bib-0060){ref-type="ref"}, [83](#imm13149-bib-0083){ref-type="ref"}, [84](#imm13149-bib-0084){ref-type="ref"} The consequences of premature activation are under‐studied. A recent investigation in humans demonstrated that it may contribute to the etiology of NEC. Expansion of *Enterobacteriaceae* that are not coated by maternal IgA precedes the onset of NEC.[85](#imm13149-bib-0085){ref-type="ref"} Further consequences could reach from autoimmune disorders due to interference with the induction of peripheral tolerance to failure to induce tolerance towards antigens that become available at weaning only. The clinical manifestations of this premature immune activation, however, might only become overt over time.

Towards the concept of a temporally layered postnatal establishment of the innate and adaptive immune system {#imm13149-sec-0005}
============================================================================================================

Over the last decades, it has become evident that the neonatal immune system is not just a 'less developed' version of the adult immune system -- neonates are able to mount a strong and protective immune response in the event of an infectious challenge.[86](#imm13149-bib-0086){ref-type="ref"}, [87](#imm13149-bib-0087){ref-type="ref"}, [88](#imm13149-bib-0088){ref-type="ref"} Instead, the neonatal immune system is unique and optimally equipped to cope with the requirements of this ontogenetic time window. This time window is characterized by the need to support postnatal microbial colonization, the need to tolerate sudden exposure to high concentrations of microbial innate immune stimuli yet preserve a reactive innate immune system, the need to generate adaptive tolerance towards new antigens, the need to expand Treg cells, and the need to develop and mature effector T cells and plasma cells.

Within hours after birth, systemic immune cells and the intestinal epithelium acquire innate immune tolerance through TLR4 activation.[47](#imm13149-bib-0047){ref-type="ref"}, [52](#imm13149-bib-0052){ref-type="ref"} This activation may occur through exposure to exogenous endotoxin or by the elevated levels of the endogenous mediator S100A8/9 after birth (Fig. [1](#imm13149-fig-0001){ref-type="fig"}, left panel). Importantly, this innate immune tolerance is accompanied by transcriptional reprogramming, which may serve to provide some basic degree of mucosal and systemic antimicrobial host defense activation during the first days after birth.[48](#imm13149-bib-0048){ref-type="ref"}, [52](#imm13149-bib-0052){ref-type="ref"} During this early time window, the initial bacterial colonization takes place. Although still characterized by low richness, the bacterial density reaches high levels shortly after birth and so is expected to provide exposure to high concentrations of microbial innate immune ligands within days.[19](#imm13149-bib-0019){ref-type="ref"} Notably, this initial colonization is mainly based on bacteria transmitted by the healthy mother, i.e. represented by non‐pathogenic and beneficial commensal bacteria. The concomitant transfer of maternal IgA antibodies directed against the very same set of bacteria may help to restrict bacterial colonization to the intestinal lumen and avoid inappropriate immune stimulation.[62](#imm13149-bib-0062){ref-type="ref"}, [85](#imm13149-bib-0085){ref-type="ref"}, [89](#imm13149-bib-0089){ref-type="ref"} The rapid colonization by commensal bacteria and the low risk of infection because of breast milk being the sole food source may also allow the absence of antimicrobial mechanisms such as antimicrobial peptide‐producing Paneth cells or epithelial TLR3 expression.[42](#imm13149-bib-0042){ref-type="ref"}, [55](#imm13149-bib-0055){ref-type="ref"} Still, the composition of the very early microbiota is highly individual because of the low colonization resistance.[19](#imm13149-bib-0019){ref-type="ref"}, [26](#imm13149-bib-0026){ref-type="ref"} Extreme bacterial compositions may lead to adverse effects and the host may therefore try to restrict the growth of certain types of bacteria.[25](#imm13149-bib-0025){ref-type="ref"}

![Development of the mucosal immune system in the intestine under homeostatic conditions. At birth, the small intestine becomes readily colonized by a low‐diversity microbiota and microbial antigen and microbiota‐derived pathogen‐associated molecular patterns (PAMPs) become available. Simultaneously, endogenous innate immune stimuli are produced and a perinatal Toll‐like receptor (TLR) stimulation induces innate hyporesponsiveness and reprogramming in the intestinal epithelium and myeloid cells. Around birth, T and B cells exit from the thymus and bone marrow, respectively, and home to secondary lymphoid tissues (SLO) including the mesenteric lymph nodes and gut‐associated lymphoid tissues (e.g. Peyer\'s patches and solitary intestinal lymphoid tissues). Microbiota -- initially transferred from the mother at birth -- is likely to be largely bound to breast‐milk‐derived maternal secretory IgA that shields microbial antigen from the adaptive immune system. Maternal secretory IgA and neonatal thymus‐derived regulatory T (tTreg) cells contribute to the naive state of the adaptive immune system throughout the postnatal phase. At weaning, the host starts to ingest solid food containing complex carbohydrates. This leads to an increased richness of the intestinal microbiota. The innate unresponsiveness of the epithelium is reversed and physiological tissue development is largely complete so that crypts with antimicrobial‐producing Paneth cells are found and mucus production is up‐regulated in goblet cells shielding the microbiota from the now responsive epithelium. At the same time, goblet cells start to transport luminal antigen to the underlying dendritic cells (DCs) in the lamina propria. In the SLOs, DCs present antigen to naive T cells and a transient (adaptive) immune activation is induced -- the weaning reaction -- characterized by pro‐inflammatory cytokines -- tumor necrosis factor‐*α* (TNF‐*α*) and interferon‐*γ* (IFN‐*γ*). At the same time, retinoic acid receptor‐related orphan receptor *γ*t‐positive Treg cells are induced that promote tolerance and tune the mucosal immune system for appropriate responsiveness to immune stimuli in later life, protecting the host from immune‐mediated diseases. After weaning, the microbiota composition stabilizes and is less sensitive to perturbations such as incoming pathogens or antibiotic treatment. Luminal antigen is facilitated to the antigen‐presenting cells in a highly controlled manner and the homeostatic immune response is dominated by tolerance promoting Treg cells that in turn induce the production of endogenous IgA by plasma cells.](IMM-159-15-g001){#imm13149-fig-0001}

Shortly after birth, T cells exit from the murine thymus and home to the secondary lymphoid organs.[61](#imm13149-bib-0061){ref-type="ref"} Despite the rapid colonization of the intestine and exposure to microbial antigen, however, they remain in a naive state until the 3rd week of life.[60](#imm13149-bib-0060){ref-type="ref"} Hence, in contrast to the situation in the adult intestine with a high proportion of antigen‐experienced effector T lymphocytes, the neonatal intestine lacks the hallmark traits of a pronounced mucosal immune system (Fig. [1](#imm13149-fig-0001){ref-type="fig"}, left panel). The localization and phenotype of the adaptive immune cells at this age rather resembles that of sterile tissues at non‐mucosal body sites. The underlying reasons are incompletely understood but breast‐milk‐derived maternal immunoglobulin and neonatal Treg cells were identified to contribute to the active suppression of T‐cell maturation before weaning.[60](#imm13149-bib-0060){ref-type="ref"}, [62](#imm13149-bib-0062){ref-type="ref"} In humans, T‐cell homing to the intestine already occurs in the fetus.[90](#imm13149-bib-0090){ref-type="ref"}, [91](#imm13149-bib-0091){ref-type="ref"} Yet fetal and adult T cells derive from hematopoietic stem cells that originate in different tissues (i.e. fetal liver versus adult bone marrow) and have distinct properties: Fetally derived cells exhibit higher proliferative capacity and are more prone to a tolerogenic response.[92](#imm13149-bib-0092){ref-type="ref"} Interestingly, subsequent studies revealed that differences in the transcriptome and functional phenotype between T lymphocytes generated in the neonate or adult also exist in mice. Perinatally generated, thymus‐derived Treg cells promote self‐tolerance and are critical for protection from autoimmune disorders.[93](#imm13149-bib-0093){ref-type="ref"}, [94](#imm13149-bib-0094){ref-type="ref"} Neonatally generated cytotoxic T cells exhibit more innate‐like effector functions whereas adult‐derived cells are skewed towards memory cells.[95](#imm13149-bib-0095){ref-type="ref"}, [96](#imm13149-bib-0096){ref-type="ref"} Consistent with a more innate immune function, neonatal T cells were shown to produce tumor necrosis factor (TNF) and CXCL8.[91](#imm13149-bib-0091){ref-type="ref"}, [97](#imm13149-bib-0097){ref-type="ref"} Age‐dependent qualitative differences have also been identified within the ILC compartment.[98](#imm13149-bib-0098){ref-type="ref"} EOMES^+^ natural killer cells with a robust effector phenotype populate the human neonatal intestine and might provide protection until T‐cell effector cells have matured.[99](#imm13149-bib-0099){ref-type="ref"}

Clearly, developmental mechanisms contribute significantly to the initial adaptation to microbial exposure. Prematurity, i.e. a reduced maturity of the infant at birth due to a lower gestational age, might reduce the ability to undergo the above‐mentioned innate immune tolerization and reprogramming. Indeed, a significant number of prematurely born children develop NEC and the incidence and severity rise with a low gestational age at birth. Consistent with this hypothesis, an enhanced innate immune receptor expression and susceptibility to microbial ligands have been demonstrated in mouse fetal intestinal epithelium.[34](#imm13149-bib-0034){ref-type="ref"}, [40](#imm13149-bib-0040){ref-type="ref"} The protective effect of breast milk has long been described; a recent study by Gopalakrishna et al. now indicates that the lack of maternal IgA specific for the colonizing bacteria may contribute to the development of NEC.[85](#imm13149-bib-0085){ref-type="ref"} IgA may dampen the release of microbial stimuli and restrict access of bacteria to the tissue. On the other hand, tumor necrosis factor secretion by fetal T lymphocytes and the relatively low abundance of intestinal Treg cells may promote inflammation upon barrier disruption.[91](#imm13149-bib-0091){ref-type="ref"}

In mice, intestinal epithelial innate immune tolerance is suspended approximately at weaning.[48](#imm13149-bib-0048){ref-type="ref"} Concomitantly, the mucosal barrier is reinforced, illustrated for example by the enhanced mucus production,[56](#imm13149-bib-0056){ref-type="ref"} the appearance of antimicrobial peptides producing Paneth cells,[55](#imm13149-bib-0055){ref-type="ref"} increased TLR3 expression,[42](#imm13149-bib-0042){ref-type="ref"} and the start of the continuous proliferation, crypt--villus axis migration and exfoliation of epithelial cells[100](#imm13149-bib-0100){ref-type="ref"} (Fig. [1](#imm13149-fig-0001){ref-type="fig"}, middle panel). Hence, the re‐establishment of a fully responsive epithelial innate immune system after this initial period of tolerance occurs when a physical separation between the luminal microbiota and the mucosal tissue is accomplished. Only the presence of a physico‐chemical barrier covering the surface may allow the coexistence of a sensitive mucosal innate immune system with the presence of the enteric microbiota.[57](#imm13149-bib-0057){ref-type="ref"}, [58](#imm13149-bib-0058){ref-type="ref"}

Age‐dependent differences in the mucosal barrier formation, antigen uptake and presentation as well as immune cell determination may have implications for the neonatal immune responses both to pathogenic stimuli as well as to innocuous dietary antigens. Few studies have systematically analyzed responses to luminal antigens within the intestinal mucosa in an age‐dependent manner. However, oral tolerance, a major hallmark of the adult intestinal immune system, is more difficult to induce during the postnatal period.[101](#imm13149-bib-0101){ref-type="ref"}, [102](#imm13149-bib-0102){ref-type="ref"}, [103](#imm13149-bib-0103){ref-type="ref"} Similarly, the neonatal lung reacts much more strongly in a model of allergic asthma.[64](#imm13149-bib-0064){ref-type="ref"}

At weaning, once the epithelial tissue maturation has occurred in mice and innate immune homeostasis is reached, the decreasing amounts of epidermal growth factor in breast milk open GAPs that provide luminal antigen to antigen‐presenting cells[30](#imm13149-bib-0030){ref-type="ref"}(Fig. [1](#imm13149-fig-0001){ref-type="fig"}, middle panel). This in turn provokes a strong immune reaction, the so‐called weaning reaction that depends on the microbiota, microbial metabolites, and dietary factors and promotes the expansion of retinoic acid receptor‐related orphan receptor *γ*t^+^ Treg cells and lasting protection from inflammatory disease.[29](#imm13149-bib-0029){ref-type="ref"} At this stage, GAPs co‐transport microbiota‐derived innate immune stimuli such as lipopolysaccharide and this process might significantly strengthen a tolerogenic adaptive immune response. In humans, the high abundance of low stimulatory lipopolysaccharide‐producing commensal bacteria found in children living in countries with a western lifestyle has been associated with increased susceptibility to autoimmune disease.[79](#imm13149-bib-0079){ref-type="ref"} Consistently, TLR‐mediated signals were suggested to directly promote Treg cell numbers and mucosal tolerance.[104](#imm13149-bib-0104){ref-type="ref"} The appearance of Treg cells subsequently terminates the weaning reaction and stimulatory effect of microbial exposure[70](#imm13149-bib-0070){ref-type="ref"} (Fig. [1](#imm13149-fig-0001){ref-type="fig"}, right panel).

Which functional requirements determine the succession of the phases of postnatal immune maturation (Fig. [2](#imm13149-fig-0002){ref-type="fig"})? Peripheral tolerance may need to be established, before an effective host response can be mounted without the risk of bystander autoreactivity. Consistently, a perinatal wave of thymus‐derived Treg cells with potent suppressory capacities protects the host from autoimmune diseases and induces anergy in self‐reactive T cells.[93](#imm13149-bib-0093){ref-type="ref"}, [105](#imm13149-bib-0105){ref-type="ref"}

![Approximate time kinetic and tentative functional interrelationship and directionality of the individual processes that govern the transition from the fetal to the neonatal, weaning and post‐weaning periods. Aspects of the microbiota (in green), and innate (blue) and adaptive (orange) immune system are depicted.](IMM-159-15-g002){#imm13149-fig-0002}

Interestingly, homeostatic signaling via the IL‐33/ST2 (*IL1rl1*) axis, which is usually associated with tissue damage, appears to balance and adjust the degree of T‐cell anergy in the neonatal host.[105](#imm13149-bib-0105){ref-type="ref"}, [106](#imm13149-bib-0106){ref-type="ref"} Also, the induction of peripheral tolerance to self‐antigen may have to precede the tolerance to microbial and dietary antigens at mucosal sites.[29](#imm13149-bib-0029){ref-type="ref"}, [30](#imm13149-bib-0030){ref-type="ref"}, [60](#imm13149-bib-0060){ref-type="ref"}, [64](#imm13149-bib-0064){ref-type="ref"}, [66](#imm13149-bib-0066){ref-type="ref"} Alternatively, the establishment of tolerance to dietary and microbial antigens (that change almost completely around weaning) may have to be postponed until a stable dietary and microbial exposure is reached. Interestingly, in contrast to the mouse, host effector lymphocytes are detected in the human intestine early during gestation. It is not clear, whether it is self‐antigen that stimulates this effector response and how (self) tolerance is maintained at this developmental stage.[90](#imm13149-bib-0090){ref-type="ref"} Finally, the layered development of the immune system is evolutionarily driven and follows a cost--benefit principle. The maintenance of an elaborate immune system may come at a price and may have to be adapted to the availability of energy resources that at this time‐point might rather be dedicated to growth and development.

In conclusion, we here propose to combine the concepts of a 'layered immunity' and the 'postnatal window of opportunity' to explain how the newborn establishes immune homeostasis after birth. Taking into account the published data on the establishment of microbiota and innate and adaptive immune maturation, we attempted to assemble a more general picture that sheds light on the biological requirements of the neonate host, the time course of events during the postnatal period, and possible functional links between individual mechanisms and the susceptibility to immune‐mediated diseases. Although still incomplete, we believe that this model may help to further dissect the regulatory mechanisms and their timed succession during postnatal immune maturation. Ultimately, this may allow the development of strategies to avoid adverse immune imprinting and subsequent manifestation of immune‐mediated diseases and improve the clinical management of newborns with immune malfunction or disruption of host--microbial homeostasis.
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